Introduction
When high-energy particles are incident on matter, a wide variety of processes occurs before all nuclear fragments and newly created particles have been absorbed or have decayed and the kinetic energy deposited in the absorber is degraded to thermal values. The processes important in energy deposition can involve three of the four known types of interaction: the nuclear (strong) interaction, the electromagnetic interaction, and the weak interaction. Only the fourth, the gravitational interaction, plays no significant role.
The Particles
The known particles ansmg from these interactions are classified into three groups: a. Photons b. Leptons: muons, electrons, positrons and neutrinos c. Hadrons: protons, neutrons, and all other strongly interacting particles. Table 2 .1 lists these groups, indicating the most important members of each in dosimetry, their masses, and where in dosimetry their significance lies.
The photon has zero rest mass and travels with the speed of light. It has a spin of 1 and can interact via the electromagnetic or nuclear interaction. The term photon encompasses both x and gamma radiation.
The lepton group consists of all of the particles of spin 1 12 that are lighter than the proton. The group has eight members: four neutrinos, the electron and positron,. and the positive and negative muon. Both the electron and positron are stable, but they may annihilate:
~y+y+y.
The first reaction is more common. Normally, annihilation occurs from a bound state of the electronpositron system and, therefore, each photon has an energy very nearly equal to mc 2 (511 keV). The annihilation radiation often appears as a sharp peak at 511 ke V in a continuum of radiation that results 5 from other processes. The muon is unstable and decays into an electron or positron, depending on its charge, and two neutrinos, with a mean life time of 2.2 x 10-6 s. The electrons and muons carry an electric charge and so can interact via the electromagnetic interaction with other electrically charged particles, or indeed with those neutral particles, e.g., neutrons, that possess a magnetic moment. Neutrinos are uncharged, massless, and carry no magnetic moment, and so interact only via the weak interaction.
The hadron group contains those particles that interact via the nuclear interaction. It can conveniently be divided into two subgroups, the baryons and the mesons. Baryons are particles with mass equal to or greater than that of the proton and have half-integral spin. Mesons consist of the strongly interacting particles that have integral (or zero) spin. The mesons of dosimetric significance have masses less than that of the protons. The majority of all known particle types are hadrons. They interact with each other via the strong (or nuclear) interaction, but only when their distance of separation is less than about 10-13 cm, the range of the nuclear force. At larger distances, hadrons can interact through the electromagnetic interaction, for example, in the scattering of protons in traversing matter, or in energy-loss by ionization. The weak interaction can also play a role for unstable hadrons, causing various relatively slow decay processes, such as the beta-decay of radioactive nuclei. The proton has the smallest mass of the baryons and is stable in isolation. The neutron is very slightly heavier than the proton, and, as a consequence, when free, is unstable, although its mean lifetime is quite long (approximately 1000 seconds). A neutron decays into a proton, electron, and antineutrino. The time interval between the emission of a low energy (several Me V) neutron from an interaction or disintegration and its subsequent slowing down and capture is of the order of a few milliseconds in all solids and liquids. This figure is much shorter than the mean life for decay, so that decay of a free neutron is rare in these media. However, in the upper atmosphere, at an altitude of say 20 km, the slowing-down time and time for capture is of the order of a few seconds; thus, a few percent of the neutrons produced by interaction processes will decay in flight. Those neutrons that travel outward from the top of the atmosphere have a long path, and an appreciable number decay, contributing a portion of both the proton and electron components of the trapped radiation belts. The most important mesons are the pions. They are produced copiously in high-energy interactions, and the charged pions play a large part in the propagation of the hadronic cascade discussed in Section 2.5. In air or vacuum they tend to decay into muons, while in condensed matter they have a greater probability of coming to rest, where the positive pions will decay and the negative pions will be captured, forming pi-mesic atoms. In the latter case, the atoms will quickly decay to the ground state, emitting characteristic x rays, and the pions will be captured by the nucleus and interact with it, causing nuclear breakup and emission of low energy protons, alpha particles, and nuclear fragments of a high linear energy transfer. This property has lead to research toward the use of negative pion beams in cancer radiotherapy (Raju and Richman, 1972) . Heavier mesons and baryons are also produced in high energy interactions, but are not as important to dosimetry because the probability for their production is significantly less than that for the production of the particles already mentioned.
The Interactions
The electromagnetic interaction is better understood than either the nuclear or weak interactions, and can be divided into two categories:
(a) the direct electromagnetic interaction, which occurs between particles with charge or magnetic moment and is oflong range, and · (b) interactions in which photons are emitted or absorbed.
The most important direct interaction results from the Coulomb force between charged particles. Sequential electromagnetic interactions of a moving charged particle with the electrons and atoms in a medium result in the important processes of ionization and excitation loss, in which the largest part of the incident energy is often transferred to the absorber. Various aspects of this interaction will be discussed in Sections 2.2, 2.3, and 2.4.
The nuclear interaction occurs only between hadrons or a photon and a hadron. It is the strongest of the interactions, but is of extremely short range ( ~ 10-13 cm) and is responsible for the binding of protons and neutrons in atomic nuclei. The characteristics of this interaction will be dealt with extensively throughout this report, particularly in Sections 2.5 and 2.6.
The weak interaction manifests itself most importantly through the decay of particles that have been produced in the strong hadronic interactions under circumstances where the particles persist long enough for the decays to occur, e.g., in the betadecay of neutrons or radioactive nuclei and the decay in air or vacuum of charged mesons into muons and of muons into electrons.
Although the nuclear interaction occurs only between hadrons or a photon and a hadron, the other two types of interaction may occur between particles of all categories.
The Relation of Fundamental Particles and Their Interactions to Dosimetry
At high energies, radiation environments may be extremely complex since many or all of the fundamental particles may be created. The dosimetric importance of fundamental particles is determined both by the probability with which they are produced and by the probability of their interaction with matter. Since the major concern in dosimetry is with the amount of energy deposited in matter, it is clear that particles that interact only weakly-no matter how copiously they are produced-are oflittle importance in depositing absorbed dose. Thus, for example, neutrinos interact with matter only through the weak interaction. The probability for the neutrinonucleon interaction is so small that the interaction mean free path is on the order of 10 18 g cm-2 • Neutrinos, therefore, are of no practical concern in radiation dosimetry. Similarly, particles which are produced only rarely, e.g., mesons heavier than pions, are of little or no concern.
Primary photons with energies above 100 MeV interact with matter principally through electron pair production and photonuclear processes. Reaction products of the resulting electromagnetic cascade (see Section 2.4) have lower energy, and, as the energy of the photons is degraded, they interact with increasing probability via the Compton scattering and photoelectric absorption processes. Thus, in many. cases, practical high-energy photon dosimetry may m fact be very similar to the more familiar dosimetry of photons in the Me V region. The energy deposited in matter by photons may be calculated from the mass energy absorption coefficients, and these are discussed in Section 2.3.
It is ultimately by the process of ionization (i.e., through the electromagnetic interaction) that the available energy of the fundamental particles is transferred to matter. Thus, for example, it is largely by the production of electrons or positrons that photons deposit energy, or by the production of recoil protons that neutrons deposit a great part of their energy in tissue.
At higher energy there is a larger number of energy deposition modes available. At very high energies, electrons and hadrons each generate both electromagnetic and hadronic cascades; these are discussed in Sections 2.4 and 2.5.
Although all charged particles deliver absorbed dose in tissue, the particles of lower energy and greater mass are attenuated more quickly in shielding by ionization losses. Thus, outside of shielding, uncharged particles -photons and neutrons -in many cases dominate the radiation environment and it is their subsequent interactions in tissue that deposit energy.
Primary charged particles are responsible for sub-st~ntial dos~ deposition in unshielded or thinly shielded reg10ns, as, for example, in outer space an.d in or near accelerator beams. For example'. primary protons and heavy ions are the dominant source of radiation exposure to astronauts, as discussed in Section 4. Pion and heavier ion dosimetry are of increasing importance at accelerators, where charged-particle beams are being used in radiobiology and radiotherapy.
Muons contribute ·about one third the absorbed dose caused by the natural radiation environment at sea level and are also significant sources of radiation at high-energy particle accelerators in the tens-of-Ge V energy region and above. Their persistence is due to their lack of a strong interaction, so they can travel a considerable distance in air at high energy before they decay.
Summary
. A wide variety of processes can occur when any high-energy particle is incident on matter; these will usually involve three forms of interaction and all types of particle. A whole chain of events is initiated by the incidence of even one particle. In order to follow out the details of this chain and understand the mechanisms, the interactions must be studied in some detail.
Electromagnetic Interactions of Charged Particles

Energy Loss by Ionization and Direct Pair Production
When fast electrically charged particles pass through matter, they interact via their electromagnetic field and impart energy to the electrons in the atoms and, to a lesser extent, to the nuclei of the atoms through which they pass. The encounters with atomic electrons can be conveniently divided into two categories:
(1) hard collisions, where the energy imparted is much greater than the binding energy of the electron.
(2) soft collisions, where the energy given to the electron is similar in magnitude to its binding energy (Rossi, 1952) . The formulae for energy loss are derived assuming that the incident particle is moving at a speed Vp much greater than the median velocity of the electrons in their atomic orbits, i.e., Vp >> Z113 c/137, where Z is the atomic number of the atoms of the medium and c is the velocity of light.
For the hard collisions, the energy transferred is very large compared to the electron binding energy; thus, the atomic electrons are considered initially at rest and unbound. From conservation of momentum and energy, an upper limit T max can be set to the kinetic energy that can be imparted to an electron in a head-on collision by a particle of rest mass M and total energy E. The value of T max is given by the expression (Rossi, 1952) p2c2
where m is the electron rest mass, c is the velocity of light, and p is the momentum of the particle. 2 This expression for T max takes various limiting forms.
When Mis much greater than m, as is the case for mesons or protons, and, in addition, when pc << (M/m)Mc2, the expression simplifies to (32 
The relationship between the total energy, E, of a particle of mass Mand its momentump is: E 2 = p 2 ·c 2 + M 2 ·c 4 • where T max is very much less than E. Here, /J is the particle velocity relative to that of light. At very high energies, T max approaches pc or E, regardless of the value of M; that is, there is a small probability that the knock-on electron can carry off almost all the kinetic energy of the incident primary particle.
Expressions have been obtained for the energy spectrum of knock-on electrons for hard collisions as a function of incident mass, kinetic energy, and spin for singly charged incident particles with spin 0 and spin 1/2. In an infinitesimal traversal dx, expressed in mass per unit area, one obtains the following expression for N(E, T) dTdx, the number of knockon electrons with kinetic energy between T and T + dT produced by a singly charged particle with energy E and velocity fie, in the case of spin 0:
and in the case of spin 1/2:
where re = e 2 /mc 2 , e is the charge on the electron, and the remaining symbols refer to the medium, which has atomic number Z and molar mass A. NA is the Avogadro constant.
It is of interest to compute the total energy dE transferred to these knock-on electrons for which T is greater than some arbitrary energy ..1, chosen so that the expressions for hard collisions are valid. If the spin 0 case is selected as being sufficiently accurate, and is generalized to include multiply-charged incoming ions with charge z, the following expression for the energy loss, dE, is obtained:
The distribution of energy transfers for the low energy collisions is considerably more difficult to calculate. The total energy lost in these collisions is:
(2. 6) where I is the effective ionization potential of the atom and is empirically equal to -lOZ e V. The linear rate of energy loss dE!dx (T < ..1) transferred in soft collisions given by Eq. (2.6) is known as the linear energy transfer (LET), £4, of the particle. This is known as the "restricted energy loss" in the context of track formation and ion displacement in media other than biological tissue. ICRU Report 16 (ICRU, 1970) contains a comprehensive discussion of linear energy transfer. The value of ..1 = 100 eV has been used in biological work. The L of charged particles, or some similar measure of local density of energy deposition, is considered to be important in determining biological effectiveness.
Returning now to the general case for the total energy transferred to electrons, Eqs. (2.5) and (2.6) can be added to obtain an expression for the total energy transferred in collisions with atomic electrons. For the case of massive particles, we substitute expression (2.2) for T max in Eq. (2.5), giving
The expression for the ratio of dE to dx obtained from Eq. (2. 7) is the total linear rate of energy loss from electronic and atomic collisions along the track of the charged particle. It is the well-known Bethe-Bloch formula for the ionization energy-loss or mass collision stopping power (S coil p) of a fast charged particle in matter. It should be stressed that in integrating expression (Eq. 2.3) to obtain the collision stopping power, only an average is obtained; there will be statistical fluctuations of the individual particle energies, which will be discussed in the next section.
In addition, at very high energy, the approximation for T max from Eq. (2.2) cannot be used; instead, the full expression given in Eq. (2.1) must be substituted. The collision stopping power has a maximum at low velocities where T max is approximately 2 I. Above the maximum, it decreases steadily with increasing velocity and reaches a minimum at /J -0.95, before rising slowly again. The capture and loss of electrons reduces the apparent charge at low velocity and decreases the magnitude of the maximum value of the collision stopping power and increases the energy at which it occurs. This is discussed in Section 2.2.2.
The Bethe-Bloch expression only accounts for energy imparted to atomic electrons of the medium that the particle penetrates. Three effects have been overlooked and must be taken into account for the ionization loss of very high energy particles: (a) the polarization effect; (b) at even higher energies, direct pair production; and (c) bremsstrahlung.
The Bethe-Bloch expression overestimates the energy loss of charged particles by ignoring the effects of polarization. Polarization reduces the logarithmic rise in collision stopping power at high energies in dense media, since the soft collisions, which occur at a distance greater than the atomic separation, are reduced in effectiveness by intervening atoms. The effect, therefore, is to reduce the relativistic rise contribution given by Eq. (2.6). The total energy loss, however, continues to rise slowly with energy from the hard-collision contribution, with T max given by Eq. (2.1). In gases at normal temperature and pressure, polarization effects occur only at extremely high energy.
A second electromagnetic process not accounted for in the Bethe-Bloch formula is direct pair production. This process is the direct production of an electron-positron pair by the incoming particle in the field of the target nucleus and is important only at very high values ofE/Mc 2 • The differential energy imparted in this process is dEpair _ 20 NAz 2 Z(Z + 1) 2 mE (183) -77 (137) (2.10) Xo 137 A e · X 0 , the radiation length, is a function of the properties of the medium. Values for the radiation length are tabulated, for example, by Tsai (1974) . More discussion ofradiation length, with tabulated values, will be found in Section 2.4. Most of this energy loss occurs in transfers which result in the production of electron pairs of energy within a factor of 10 of the value of (m/M')E. Thus, an appreciable number of such energy transfers contributes to the loss of energy by this process, so that fluctuations are not severe. The energy loss by this process exceeds not only the slow logarithmic rise expressed in the Bethe-Bloch formula; it exceeds the normal ionization loss at very high primary particle energy since it is proportional to the total particle energy and depends only on the ratio of energy to mass of the incoming particle. For all nuclear interacting particles, the nuclear interaction dominates and energy loss by pair production is not significant. For electrons, energy loss by bremsstrahlung is much more important than direct pair production. Thus pair production is important only for muons at high energy.
A third process, bremsstrahlung, is also important at high energy for muons. It will be discussed in Sections 2.2.5 and 2.2. 6. In the very high energy range, i.e., above 10 GeV, the magnitude of the logarithmic term is reduced by the polarization effect so that the energy loss for muons including pair production can be approximated by the simple expression
A good approximation results when a is set equal to dE/dx at 10 GeV and bis set equal to the reciprocal of 9 x 10 3 X 0 • Figures 2.1 and 2.2 show the energy loss of muons as a function of energy in representative media, and, in Figure 2 .2, the departures from the Bethe-Bloch formulation are indicated. 
Range-Energy Relations and Straggling
According to the Bethe-Bloch expression, one expects a particle of a given charge, mass, and velocity to be brought to rest by ionization loss, and the mean range can be obtained from integrating the reciprocal of the expression (Eq. 2.7) over the energy:
(2.12)
The result may be written
(2.13) since dE/dx is proportional to z 2 and independent of the mass of the particle. It is important to note that the mean range of particles of a given speed is proportional to their mass M and varies as the inverse square of their charge. There is no analytic expression for f(/J), but for a considerable range of fJ (and hence energy):
where k depends only slightly on the nature of the medium if R is expressed in mass per unit area.
Range-energy relations for protons in various media are tabulated in a number of sources (Bichsel, 1968; Barkas and Berger, 1964; Janni, 1966; ICRU, 1970) . The expression for the energy loss of muons at very high energy (Eq. 2.11) can be directly integrated to give the range-energy relation. It is convenient to do this, since muons are the most penetrating charged particles known and often dictate the thickness of shielding required. The relation is:
The value of b should include those contributions from bremsstrahlung (Section 2.2.6) that involve the emission of an appreciable number of photons of energy hv :$ O.lE. The larger energy losses cause a small fraction of the muons to have a shorter range. The best value of b is about twice that from direct pair production alone, and this has been taken into account in the value of b presented after Eq. (2.11).
As indicated earlier, for a multiply-charged incident particle (charge ze), the energy loss is increased by a factor of z 2 over that given by the Bethe-Bloch expression for a singly charged particle. This is correct only at high energies. As the charged particle decreases in velocity, it is likely to pick up electrons. The velocity fl K at which one K electron is picked up is given by the approximate expression /JK = z/137, and empirically the effective charge of the ion, z em is given by
At low velocity, the effective charge z err is appreciably less than z, so that the ionization produced by such a particle is reduced and its range somewhat extended. Figures 2.3 and 2.4 give stopping power-range and stopping power-energy relations for various heavy ions in water (Steward, 1968) , and tabulated data are available in ICRU Report 16 (ICRU, 1970) . Stopping power data from Janni (1966) for protons above 1 Me V in various substances of interest to dosimetrists are given in the Appendix of the present report.
Statistical Fluctuations of Energy Loss
As indicated in Section 2.2.2, Eqs. (2.3) and (2.4) apply only to the average number of knock-ons. Statistical fluctuations in the energy-loss process, known as Landau fluctuations, affect the pulse height distribution obtained when fast particles pass through thin proportional counters or scintillators. These, along with fluctuations of energy imparted to the sensitive region, can severely reduce the accuracy with which the mean stopping power of an individual particle can be measured. The most probable energy loss can be significantly less than the average energy loss at high energies (Rossi, 1952) . This is caused by the unsymmetrical energy loss distribution having a tail at high-energy losses. The fluctuations also result in an r.m.s. spread R in the actual range of individual monoenergetic particles. This effect is Steward, 1968.) known as "range straggling" and limits the accuracy with which the observed range of a particle can yield a measure of its initial energy. The fractional spread in R is given by:
( 2.17) and is most important for light particles. The quantity g(E/Mc 2 ) is a slowly varying function with a minimum of 0.4 at E/Mc 2 = 3 and is below 0.60 for 0.06 < E/Mc 2 < 30, as computed for iron. Curves for other stopping media may be found in the American Institute of Physics Handbook (Bichsel, 1963) .
Calculations have been extended to include thick absorbers (Payne, 1969) , and large and extremely large energy losses have been treated (Tschalar, 1968a; 1968b) .
Elastic Scattering of Charged Particles
When a charged particle passes in the neighbor· hood of a nucleus, it undergoes a change in direction; that is, it is scattered. Because of the relatively small probability that a photon is emitted with energy comparable to the kinetic energy of the charged particle, the scattering process is generally considered to be an elastic one. In addition, it is assumed that the nucleus is very much heavier than the incident particle and thus does not acquire significant kinetic energy.
The differential scattering probability is defined as follows: 2( 8)dw dx = probability that a charged particle of momentum p and relative velocity /J travers-trajectory of the particle into the solid angle d w about 8 (from its original direction). Various formulae have been derived for S ( 8) dw dx, which depend on the nature of the medium as well as the charge and spin of the particle. If shielding of a point charge, Ze, by the atomic electrons is neglected, and if the Born approximation 3 is used, the following expressions for heavy singly charged particles (Rossi, 1952) can be obtained:
for spin zero particles (e.g., alpha particles and pions), where NA = the Avogadro constant m = mass of electron re = e 2 /mc 2 = classical electron radius p = momentum of the particle fJ = the ratio of the particle velocity to that of light z = charge of the particle Z = atomic number of the scattering medium A =molar mass of the scattering medium;
for spin one-half particles (e.g., protons and muons). This formula is called the Mott scattering formula for heavy particles. Mott (1929) derived the elastic scattering cross section for electron scattering from nuclei of charge Ze by employing relativistic Dirac theory with the Born approximation. By expanding Mott's exact formula in powers of aZ, the following expression is obtained:
where a = fine structure constant. This formula is valid only for high velocities ( /J = 1) and for rather low Z materials (aZ :;;:;; 0.2 and Z :;;:;; 27).
For small deflections, sin (e/2) = 812, and spin terms can be neglected, so that all formulas above become the well-known Rutherford scattering formula:
( 2.21) This equation, as well as the previous ones, is not defined at e = 0. It is obvious from the e dependence of these expressions that when a charged particle penetrates an absorbing medium, most of the scattering interactions lead to very small deflections. Small net deflections are generally the result of a large number of very small deflections, whereas large net deflections are the result of a single large-angle scatter plus a number of very small deflections. Therefore, small-angle scattering is referrred to as multiple scattering and large-angle scattering is called single scattering. The intermediate case is known as plural scattering. In contrast to the importance of atomic electrons in the energy-loss process, their contribution to scattering is fairly small (10 percent for Z = 10, 1 percent for Z = 82).
The expressions presented so far have been derived under the assumption of a point charge, Ze. The finite size of the nucleus, as well as the screening of its field by the atomic electrons, limits the validity of the results to a certain range of angular deflections. The effect of screening has been studied both by Goudsmit and Saunderson (1940a; 1940b) and by Moliere (1947; 1948 where Es is a constant:
Note that the mean square angle of scattering depends upon the medium only through the radiation length X 0 • If the scattering layer is sufficiently thin so that energy loss can be neglected, then Bs 2 is constant through the layer, and
where x is the thickness of the layer. For highenergy electrons,
to a very good approximation. It is then found that for high energy electrons, 
Llx , (2.32) with L1(8 2 )/Llx equal to e" 2 obtained from Eq. (2.26).
However, this relation is not valid for values of y >> <r; at the tail of the distribution the relation tends to the single scattering form ofEq. (2.21).
Thin Target Bremsstrahlung for Electrons
When electrons pass through matter, a very important process by which they lose energy, in addition to ionization loss, is bremsstrahlung production, in which photons are emitted. Let the kinetic energy of the incident electron be T, and E = T + mc 2 • The number of photons, dNr , emitted as a result of passage through a thickness dx (in mass per unit area) is given by the relation
for hP < T = 0 for hP > T (2.33) where a = 1/137 = fine structure constant. In these expressions, hP is the energy of the emitted photon, v = hP IE, and F(E,v) is a slowly varying function of E. The most important case is that in which the electron energy T is greater than the critical energy, Teri!· Teri! is the electron energy at which the average total energy carried by photons emitted as a result of passage through dx is equal to the average energy lost by ionization. (Numerical values of T erit are discussed in Section 2.4.) In this case F(E,v) takes a simple form:
and so becomes independent of E. For these high energies we can readily compute the total energy carried by the radiated photons:
which is accurate to within 1 percent for all values of Z. It should be stressed that this is the average energy loss for one incident electron. Since the number of photons emitted at high energies is not large, the energy loss due to bremsstrahlung is subject to considerable statistical fluctuations. Thus, the important result obtained is that the energy losses by the electron in the process of bremsstrahlung are proportional to the energy, and become the dominant process of energy loss above the energy T erit· Eq. (2.35) shows that the radiation loss depends strongly on the atomic number of the medium.
Eq. (2.36) implies that the fractional loss of energy in bremsstrahlung is independent of energy, so that at high energy (T >> Teri!), where one can ignore ionization loss, the energy of the incident electron will decrease exponentially with penetration of matter:
(2.37) Thus the characteristic amount of matter for attenuating the electron energy is X 0 , the radiation length.
The form of F(E,v) given is valid only for E >> 137 mc 2 /Z 113 , and for T >> T erit· The energy region for which Eqs. (2.33-2.37) are not valid is just the region where the main source of energy loss for the electrons comes from ionization. Thus, expressions for F(E,v) at lower energies need not be considered for the purposes of this report.
Bremsstrahlung for Other Particles
For other singly charged particles having spin 1/2 (muons and protons) and mass M, bremsstrahlung does occur and F(E,v) takes the form
It is apparent that F(E,v,M), and hence the number of radiated photons, is reduced by the large factor (m/M) 2 , as compared to bremsstrahlung by electrons. For particles of charge z, the function F(E,v,M) is multiplied by z 2 and takes on different analytical expressions for different spins, but the l/M 2 dependence renders the probability for heavy particle bremsstrahlung negligible compared to that of other energy loss processes. Only in the case of muons at high energy is the process of any significance for the total energy loss, as already discussed in Section 2.2.2.
The Interaction of Photons with Matter
Introduction
There are 12 possible processes by which the electromagnetic field of a photon may interact with matter. These are classified in Table 2 .2, where the major processes are "boxed in", the minor processes c~ 1 percent contribution over certain energy intervals) are "italicized," and the rest are negligible processes (note that some processes have been completely omitted because of their rare occurrence) (Kase and Nelson, 1972) .
The symbols r, a, and K refer to cross sections (or linear attenuation coefficients) of the various interaction processes. The units can be barns/atom, cm 2 g-1 , or cm-1 and the appropriate units will be clear from the context. The absorption and attenuation of photons are dominated by the photoelectric effect, Compton scattering, and pair production. The energy range in which each process dominates is shown in Figure 2 .5.
Compton Scattering
When an incident photon is scattered by a loosely bound (or virtually free) electron, the phenomenon is called Compton scattering. As indicated in Table  2 .2, this process is an inelastic one because some of the initial kinetic energy of the photon is needed in order to overcome the binding energy of the electron to the atom, and, therefore, does not appear as kinetic energy of the products. However, the process is treated as an elastic one, because this binding energy is small compared with the incident photon energy. This is a first-order approximation and appropriate corrections are sometimes necessary for low energy photons or high-Z materials. The result of the interaction is that a photon of frequency P, energy hv , and wavelength ,\ is scattered by an electron through an angle fJ, and is left with frequency v', energy hv', and wavelength ,\'. The electron carries away the energy hP -hr '. The change in wavelength is given by the well known relation h ,\' -,\ = -( 1 -cos f/) me or alternatively,
where ap = hr/mc 2 and T =electron kinetic energy.
It is of great practical importance to note that the Compton shift in wavelength, in any particular direction, is independent of hP; whereas, the shift in energy is very dependent on hP. Thus, in general, high-energy photons suffer a large energy change, but low-energy photons do not. The Compton relationships and cross section have been extensively plotted by Nelms (1953) . It should be noted that Figure VIII a and b in this reference are somewhat in error for energies of the incident photon below 50 keV. 
Photoelectric Effect
In the atomic photoeffect, a photon disappears and an electron is ejected from an atom. This interaction is best conceptualized as being not between a photon and an electron, but rather between a photon and the atom as a whole. In fact, a complete absorptiontype interaction cannot occur between a photon and a free electron, since momentum will not be conserved. Even though the nucleus must absorb the momentum, it acquires very little kinetic energy due to its large mass.
The photoelectric effect can occur only ifthe incoming photon has an energy higher than the binding energy of the electron to be removed. Thus, there is a series of jumps in the curve of the absorption coefficient (or cross section), corresponding to the binding energy of the different shells. The photoelectric cross section increases rapidly with the binding energy of the electron. That is, the probability of this interaction is highest for those electrons most tightly bound. About 80 percent of the interactions involve the K-shell electrons. The photoelectric atomic-absorption coefficient varies approximately as follows: Thus, the photoelectric cross section decreases with increasing photon energy much more slowly at high photon energies. The vacancy created by the ejection of an electron from any of the inner shells is filled by outer electrons falling into it (de-excitation), and this process may be accompanied by emission of fluorescent radiation and/or Auger electron emission. The competition between the emission of a K x ray and the emission of an Auger electron is described 2.3 The Interactions of Photons with Matter • • • 15· by the K fluorescence yield, which is defined as the number of K x-ray quanta emitted per vacancy in the K shell. The probability that a K x ray will be emitted is nearly unity in high-Z elements and nearly zero in low-Z elements.
Pair Production
Pair production is the mechanism by which a photon is transformed into an electron-positron pair, also known as "materialization." The principle of cons~rvation of momentum and energy prevents this from occurring in free space; there must be a nucleus or an electron present for this process to occur. The threshold energy for pair production in the field of the nucleus is 2mc 2 = 1.022 MeV and 4mc 2 = 2.044 Me V in the field of an electron. The presence of the nucleus guarantees conservation of momentum with negligible energy transfer to the nucleus. The atomic cross section for pair production in the neighborhood of a nucleus is proportional to Z 2 • However, for photon energies above 20 MeV, one must use an "effective" Z in order to account for the screening of the true charge by atomic electrons. For low photon energies, the pair production linear attenuation coefficient varies as K -ln (hP); for high energies,
where X 0 is the radiation length of the material, defined in Eq. (2.10). The high-energy approximation is quite useful for shielding considerations involving a high-energy electron accelerator (hP ~ 100 MeV). When the recoil energy is transferred to an electron, two electrons and a positron acquire appreciable momentum. In this case, the recoiling particle (electron) has considerable energy, so that the process is generally referred to as "triplet" production. At high photon energies the cross section for triplet production is about 1/Z times that for ordinary pair production. Thus, triplet production is of no consequence (relative to pair production) except for low-atomicnumber materials.
In some applications one must be very accurate in calculating the energy absorption from pair production interactions, and therefore must account for the annihilation of the positron with an atomic electron. Annihilation radiation assumes a role analogous to scattered radiation in the Compton case and to fluorescence radiation in the photoelectric case. In most dosimetric applications, however, annihilation radiation can be neglected because either the Compton effect dominates (i.e., pair production is relatively small), or the fraction of the total pair production absorption coefficient contribution due to annihilation is quite small.
Pairs of muons can also be produced by photons of sufficiently high energy. The energy threshold is increased over that for electron pair production by a factor of mµ/m = 206, where mµ is the muon mass and the cross section is decreased by the factor (ml mµ) 2 , so muon pair production is not usually significant. However, muons made by this process may play a significant role in shielding calculations for high energy electron accelerators, due to the muons' great penetration.
Attenuation and Absorption
For use in calculating photon attenuation and absorption, several macroscopic quantities have been developed from the cross sections for the processes discussed in this section. ICRU Report 19 (ICRU, 197la) has defined three coefficients:
(1) Mass attenuation coefficient Tabulations of the various coefficients are found in the literature (Evans, 1968; Storm and Israel, 1970; Hubbell, 1969; 1977) .
Photonuclear Reactions
Analogous to the photoelectric effect for electrons, the "nuclear photo-effect" is one in which a nucleus can absorb a photon and subsequently emit one or more nucleons. All such reactions have a threshold photon energy below which the reaction cannot occur. For the (y,n) reaction, the cross section increases with increasing energy (above threshold), reaches a maximum value, and then decreases. This is referred to as the giant resonance, and is attributed to electric dipole absorption of the incident photon. In all cases, the maximum value of the total cross section for all photonuclear reactions is smaller than 5 percent of the total cross section of the same atom for Compton and pair-production interactions. Thus, this process is not generally important as a means of energy absorption. However, it can result in radioactive nuclei, and most of the radiation exposure to personnel at high-energy accelerators is due to induced radioactivity in. accelerator components (see Section 3). Also, microdosimetric information cannot be interpreted correctly without a knowledge of the important photonuclear processes.
At higher energies, photomeson production occurs. The process with the lowest threshold ( ~ 135 Me V) and highest cross section is y+p~p+7To, followed by (2.45)
In this case, the reaction energy is deposited by the recoiling proton and the photons from the pion decays. If the reaction occurs on a complex nucleus, the residual nucleus may be radioactive. Furthermore, charged photopion production also occurs. It has a slightly higher threshold ( ~ 140 Me V) and comparable cross section; for example y+p~n+7T+ and (2.46) where the target proton or neutron forms part of the target nucleus. The maximum cross sections are 3 x 10-25 cm 2 • The cross sections for the above reactions with protons are shown in Figure 2 .6.
The Electromagnetic Cascade
Introduction
High-energy photons, electrons, and positrons, in their interactions with matter, create very characteristic patterns of energy degradation as they transform into each other and lose energy ~ia the processes just discussed. Charged leptons (electrons, positrons, and muons) lose energy mainly by two mechanisms: collision and radiation or bremsstrahlung. The energy lost by collision goes into excitation and ionization, resulting in a large number of very small energy transfers, thus, in general, dissipating the 'energy locally, close to the particle trajectory. The energy lost by bremsstrahlung, however, is fairly evenly distributed in photon energies up to the primary particle energy. This results in a propagation of the energy, via these photons, deeper into the stopping material. 2.4 The Electromagnetic Cascade • • • 17 turn, produce more photons by bremsstrahlung. Thus, the processes of pair production and Compton scattering by the photons, and bremsstrahlung by the electrons cause a shower or cascade of particles. As the number of shower particles increases, their average energy decreases. Finally, the majority of electrons will drop to energies where collision losses dominate and the cascade will die out. This qualitative description of an electromagnetic cascade can obviously apply to incident high-energy photons as well as high-energy electrons. In addition, high energy nuclear interactions will produce 7fl's which decay quickly into two photons which, in turn, initiate electroma~etic cascades.
Electromagnetic cascades are usually described in terms of the radiation length, X 0 , and the critical energy, Tcrit, discussed in Sections 2.2.1 and 2.2.5. It should be mentioned here, however, that Eq. (2.10) does not properly take account of inadequacies of the Born approximation for stopping media of high atomic number. An equation usually adequate for the calculation of radiation length for dosimetric purposes is:
In this expression, an empirical correction for high-Z media appears in the denominator.
An approximate value for the critical energy may be obtained from the expression [ 800 J Teri!= Z + 1. 2 MeV.
(2.48) Dovzhenko and Pomanskii (1964) have pointed to discrepancies of between 10 percent and 20 percent in calculated values of radiation lengths published in the early literature. 
Theoretical Treatments of the Electromagnetic Cascade
Analytical shower theory gives a good account of the main features of the development of the electromagnetic cascade. Rossi and Greisen (1941) developed descriptions of the longitudinal development, and the lateral and angular spread have been treated by Kamata and Nishimura (1958) and by Belenkii and Ivanenko (1960) .
The difficulty of solving the diffusion equations of the shower have led to the use of various assumptions which may cause some errors at great depths in matter. Although the early experimental data agreed with simple theory in that showers appeared to decrease exponentially with an absorption mean free path of several radiation lengths, few experiments went deeper than 15 to 20 radiation lengths (Murata, 1965; Backenstoss et al., 1963; Blocker et al., 1950) . Thus, the agreement might have been fortuitous, because the most penetrating component, which presumably controls the shower at great depths, consists of photons' with cross sections near their minimum; in most analytical formulations of shower theory, the approximations eliminate this minimum in the photon cross section (de Staebler, 1965) .
Nevertheless, the longitudinal behavior may be represented by an attenuation length, A, which is shown in Figure 2 .7. A varies from about 2X 0 at low Z to about 4X 0 at high Z.
Monte Carlo methods are of most value in obtaining numerical descriptions of the three-dimensional growth of the cascade. de Staebler (1965) has summarized Monte Carlo data by considering the energy absorbed per unit volume (dW/du). Assuming cylindrical symmetry, he defines the fraction of energy absorbed beyond radius a by V(a)
Eo x=O r=a du (2.49) Here E 0 is the incident electron energy. It is convenient to measure the transverse spread of the cascade in terms of the Moliere unit of length Xm, which is . the characteristic measure for the radial distributions in analytical theory (Greisen, 1950) . X m is given by (2.50) where Es is a constant equal to 21.2 MeV. de Staebler has summarized data from Monte Carlo calculations in water, aluminum, copper, and lead. Empirical values of X m are given in (From Nelson et al., 1966.) measured in units of Xm. Nelson et al. (1966) have collated more recent data extending out to radii of 4 Moliere units.
The early calculations by Wilson (1952 ( , corrected by Thom, 1964 , Messel and his colleagues (Messel et al., 1962; Crawford and Messel, 1962; and the Oak Ridge Group (Zerby and Moran, 1961; 1962; 1963) have been improved (in the case of lead) by Nagel (1965) and Volkel (1965) , both of whom lowered the cutoff energy used in the earlier calculations. Crawford and Messel (1962) o Nagel (1965) 2.4 The Electromagnetic Cascade • • • 19 sition curve obtained for either particle density or energy deposition. A reduction in cutoff energy has been found to shift the maximum to larger depths in the absorber and to decrease the slope of the tail. Great care should therefore be taken in the comparison of theoretical and experimental data.
Measurements of the Electromagnetic Cascade
Several measurements of shower propagation have been reported in the literature. A variety of experimental techniques have been employed, ranging from ionization chambers (Zerby and Keller, 1967) , scintillation counters (Kantz and Hofstadter, 1951; 1953) , and photographic film (Murata, 1965) , through spark chambers (Cronin et al., 1957; Kajikawa, 1963), cloud chambers (Wilson and McDiarmid, 1962; Lal and Subramanian, 1962; Becklin and Earl, 1964; Thom, 1964) , and bubble chambers (Lengeler et al., 1963) to nuclear emulsions (Akashi et al., 1962) and Cerenkov counters (Reusch and Prescott, 1964) .
The most recent experiments have compared experimental data with the Monte Carlo calculations already discussed. Nelson et al. (1966) Zerby and H.S. Moran, (1963) Ea= 950MeV E •. y = 2 MeV (electrons and photons) 0  2  3  4  5  6  7  8  9  10  11  12  13  14  15 DEPTH, !/radiation lengths (1966) with a Monte Carlo calculation; X 0 = 6.4 g cm-2 , p = 11.35 g cm-3 • (From Nelson et al., 1966.) shower maximum than calculated. In the calculation, a cutoff energy of 2 Me V was applied, and one would expect better agreement if the cutoff were lower (Zerby and Moran, 1961) . After the shower maximum, the measured and theoretical slopes are in good agreement. For lead, agreement is not quite so good-probably because of the influence of the air gaps between the plates of tead necessary to position detectors. Figures 2.10 and 2.11 also show the slopes Amin (attenuation) corresponding to the minimum attenuation coefficient and Amin (absorption) corresponding to the minimum energy absorption coefficient. Nelson et al. (1966) conclude that such a model is probably too simple to permit precise calculations of energy deposition. Bathow et al. (1967a) have reported experimental studies of the electromagnetic cascades produced by 6.3 GeV electrons in heavy concrete, copper, and lead. Measurements were made wi.th a tissue-equivalent ionization chamber and compared with Monte Carlo calculations by Volkel (1965) for copper and lead. Excellent agreement was obtained between calculated and measured transition curves. Figure  2 .12 shows the absorbed dose measured on the axis as a function of depth in matter. Table 2 .4 gives values of the attenuation length, Am1n, calculated from the minimum absorption coefficients, the characteristic attenuation length, Aexp, measured for the exponential region of the transition curve, and the attenuation length, Ao, measured on the beam axis.
After the shower maximum in copper and lead, the transition curve decays exponentially, with slope equal (within the limits of experimental error) to that determined by the minimum absorption coefficients. In heavy concrete, however, the measured plotted against the thickness of material. "Equivalent quanta" is a dimensionless quantity used to specify the amount of bremsstrahlung used in an irradiation. It is equal to the total energy carried by the bremsstrahlung beam, divided by the maximum photon energy contained in the spectrum. (From Bathow et al., 1965.) attenuation length is much larger than would be expected from the minimum absorption coefficients. The measured value in heavy concrete had been observed earlier in an experiment using a 4.8 Ge V bremsstrahlung beam (Bathow et al., 1965) , and probably differs from the expected value because low-Z materials have a broad absorption minimum in which forward-scattered Compton photons have an appreciable mean free path. It is, of course, to be expected that .\, will be somewhat smaller than llexp because of "scattering out" from the beam. Lateral distance/cm Fig. 2.13 . Curves of equal absorbed dose behind heavy concrete for 5 x 10 9 "equivalent quanta" incident at 6 Ge V. Absorbed doses are expressed in grays. (From Bathow et al., 1967a.) 
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T:12 X 0 ' 2.5 Hadronic Cascades • • • 21 some very precise measurements of both the longitudinal and lateral development of 6 Ge V electromagnetic cascades in aluminum, copper, and lead. They report excellent agreement with Volkel's Monte Carlo calculations (Volkel, 1965) for depths up to 40 radiation lengths. The longitudinal development agrees with theory to about 5 percent. Good agreement is found at lateral distances out to 4 cm, in which distance the dose decreases by three orders of magnitude, but at larger distances the measured energy deposition is somewhat higher than that calculated. The extreme discrepancy, roughly a factor of 2, occurs in lead at small shower depths (see Figure 2 .14).
Hadronic Cascades
Properties of Hadronic Cascades
In contrast to the electromagnetic cascades, in which the two dominant processes (bremsstrahlung and pair production) have nearly constant cross sections, the situation in a hadronic cascade is much more complicated. Six distinct and fairly independent processes characterizing the cascades can be identified (Figure 2.15) . The most important is the extranuclear cascade. The others are the intra-nuclear cascade, the electromagnetic cascade, the penetrating muon component, the evaporation nucleons, and lastly, the residual induced radioactivity. In general, communication between the different processes is very restricted; energy removed from the extra-nuclear cascade does not return, and there is little exchange between the other processes.
The extra-nuclear cascade is the primary cascade which feeds all of the other processes_ The carriers of the extra-nuclear cascade are the hadrons, i.e., baryons and mesons (p,n,7T±, etc_) . A baryon or meson striking a nucleus will release fast, forward-going baryons and mesons, with small transverse momenta, which will proceed onward to collide with other nuclei and thus carry the cascade forward, each generation multiplying the number of particles participating.
In addition to this, an intra-nuclear cascade may occur, in which participants of the primary cascade interact with nucleons within the struck nucleus, giving rise to the same types of reaction products, but generally of lower energy and at wider angles. These particles may also contribute to the extranuclear cascade, but to a lesser extent.
The 7T 0 's from the extra-and intra-nuclear cascades decay into two photons and thus contribute to the electromagnetic cascade. The energy so transferred is mostly deposited by ionization within a distance of several radiation lengths (see Section 2.4)_ Some of the mesons (7T±,K±) will decay before they have lost all of their energy, releasing oneµ± from each meson decay. The muons are a very penetrating radiation component. The energy in the muon component is never transferred out again and is deposited only by ionization_
The original nucleus is usually left in a very excited condition, and will restore itself to a new ground state by emitting evaporation particles, mostly protons and neutrons. These nucleons do not contribute to the cascade, nor do they connect with any of the other processes. They do, however, contribute to local energy absorption.
Finally, the resultant nucleus may be radioactive. These nuclei produce the "radioactivity" of the targets and beam dump, and this can require the use of extreme precautions following beam turn-off (see Section 3.4).
The time scales for the processes described on these various levels are quite varied. The extra-and intra-nuclear cascades occur quickly, in about 10-23 s. The evaporation of nucleons takes place in about 10-19 s. The neutral pi meson decay, which contributes to the electromagnetic cascade, occurs in about 10-16 s, and the charged pi and K meson decays giving rise to muons occur on the order of 10-s s (see Figure 2 .15).
The progress of the cascade can be measured in terms of the star density (number of stars per unit volume). A "star" is simply a hadron-nucleus interaction. The term comes from nuclear-emulsion work, where these interactions actually resemble multipointed stars. Three kinds of stars can be identified: neutron-, pion-, and proton-induced stars, and the density of these types can be calculated and measured in emulsion experiments.
At high energies, the relevant cross sections are slowly varying and are quite similar in magnitude.
Thus we have (Bracci et al., 1973; Lovelace et al., 1973) : As a consequence of charge independence, charge symmetry and the constancy of the elementary cross sections, we also have l1tot(n, N) = atot(p, N) = const GeVc-1 ) (2.51) with N indicating the target nucleus. All cross sections have usually been considered roughly equal to the geometric value for AN > 10 and energy > 100 2.5 Hadronic Cascades • • • 23 MeV (Carlson et al., 1973) :
(with r 0 = 1.2 x 10-13 cm) (2.52) = 45 A N 213 (mb).
Some data on neutron-nucleus interactions, however, indicate that a dependence closer to 55 A N 314 is more appropriate (Schimmerling et al., 1973) . Table 2 .5 summarizes the p-nucleus cross sections in units of barns and expressed as collision length and absorption length (Particle Data Group, 1974) .
At high energies, the elementary interactions involve small transverse momenta, the average being (1973) . Energy dependence of all nuclei = 1/2 percent/Ge V (from 5-25 GeV). b Ac= A/(N A. CT). In the absorption length, the elastic scattering is subtracted.
c Gas at 20°C. Ranft (1967) . (From Armstrong et al., 1972a.) 0.3 GeVc-1 almost independent of incident energy. This is reflected in the very high degree of collimation of the extra-nuclear cascade. The intra-nuclear cascade is not as tightly collimated, as it represents more than one scattering within the nucleus and low-energy secondaries. The entire hadron cascade mechanism is characterized by a transition curve, as exemplified by Figure 2.18 (Armstrongetal., 1972a) . A buildup of the particle fluence or star density begins at the entrance, reaches a maximum located several collision lengths within the medium, and is followed by an approximately exponential decay of both.
Both experiments and calculations have lead to the conclusion that, for sufficiently well-developed cascades, the shape of the spectrum for the lowerenergy particles is rather independent of location within the shield, incident energy, or even shielding material, as long as the hydrogen content is essentiallv the same. Examples of such spectra are shown in Figur1:: 2.19 (Gabriel and Santoro, 1910) .
Below about 10 MeV, the neutron fluence dominates and has approximately an E-1 dependence (Hagedorn, 1965) . Between 100 and 1000 MeV, the spectra for p, n, 7T+, 7T-are quite similar, and their fluences decrease about as E-i. 5 Energy/MeV Fig. 2.19 . Kinetic energy spectrum of hadrons as calculated by Gabriel and Santoro (1970) for the back wall of a targettunnel configuration. This spectrum is assumed to be representative of an equilibrium spectrum. (From Gabriel and Santoro, 1970.) Oak Ridge, 5 the PPA accelerator, 6 and Fermilab. 7 The trend of most of this work has been the development of Monte Carlo calculations, supported by comparison with experiment wherever possible. 8 Although the calculations rely heavily on empirical distributions and theoretical spectra, they are extremely useful in illuminating the problems, predicting trends, and possibly even for their absolute predictions. However, shielding based entirely on calculations should be provided with an ample safety factor.
It appears that the physics input used by the CERN, Oak Ridge, and Fermilab groups is very similar, at least for the high energy processes, and the differences in their approaches are more in the area of programming. Inclusive distributions of particle production are parametrized and used to choose randomly momenta and angles of outgoing particles from each reaction. The particles considered in the calculation are nucleons and pions. Charged and neutral pions are treated in the same manner, except that the 7T 0 's do not contribute to the cascade propagation.
The programs calculate particle fluences, star density, or energy deposition in a given medium. A conversion must be made from star density (stars cm-3 ) or particle fluence to dose equivalent in tissue (rem).
The most important mechanisms of energy deposition in the medium are (Van Ginneken and Awschalom, 1975) :
1. Electromagnetic cascades initiated by 7T 0 decay This energy is deposited in a distance of a few ( <10) radiation lengths (Table 2 .5). 2. All charged particles, i.e., protons, 7T±, µ,± (and e± in the EM cascade), deposit energy rather uniformly by ionization. Assuming that the medium is iron, the miminum stopping power is about 1.48 MeV g-1 cm 2 , and the absorbed dose due to this mechanism can be determined from a knowledge of the charged particle fluence, which can be calculated or measured. 3. De-excitation and recoil of the compound nucleus formed by inelastic collision result in local energy deposition. 4. Lower-momentum particles (e.g., below about 300 MeV/c) do not participate in the cascade, but deposit their energy locally due to higher cross sections for ionization loss at low energy. Particle spectra are generally derived from the Hagedorn-Ranft (HR) (1968) thermodynamical model for hadron production. This model is presently the only one which furnishes extensive predictions of particle yields from p-nucleus collisions, and which could be adapted to incident particles other than protons. Parameters of this model were fitted by readjusting to experimental data at 19.2 Ge V/c pnucleus interactions of Citron et al. (1965) and Allaby et al. (1970) .
In order to apply the model; to the hadronic cascade problem, modifications are required ( Van Ginneken and Awschalom, 1975) :
1. Additional low energy nucleons are added to the HR spectra. Differential yields are taken from the parametrization by Ranft and Routti (1972) of the intranuclear cascade calculations of Bertini (1963b Ranft (1967) are presented in a form most convenient to use. (See Figure 2 .20 for definitions of symbols.) The most significant parameters are the two indices of buildup, Asu and Bsu. which grow about as E 112 , and the two attenuation mean free paths Au and Aax (for laterally-integrated and axial star densities, respectively). The values of Au and Aax are almost constant with energy, reflecting an equilibrium condition at greater depths in the medium. Values of Aax lie in the range 120-130 g cm-2 for all types of stars, and Au lies in the range 160-200 g cm-2 • The energy dependence of these parameters is shown in Figure 2 a From Van Ginneken and Awschalom (1975) and Gollon (1976) . b Less than about 1 m.
Primary energy /GeV Fig. 2.21 . Dependence of the parameters of the hadronic cascade on incident energy (10-200 GeV), according to Ranft (1967). 2.5.3.2 Conversion to Dose Equivalent. The conversion of star density or particle fluence to dose equivalent has been most recently studied by Van Ginneken and Awschalom (1975) and Gollon (1976) . Their results are summarized in Table 2 .6 which gives factors relating star density in the material to the absorbed dose or dose equivalent that would be imparted to a tissue sample if it were introduced behind the material without perturbing the radiation field. Conversion factors from star density to entrance absorbed dose and to maximum dose equivalent are given for thin and thick iron shields, concrete, and heavy concrete. Also shown in the relationship between neutron fluence and star density.
Nucleus-Nucleus Collisons
Introduction
The primary cosmic radiation contains a relatively small flux density of nuclei which has a differential energy spectrum that is similar in shape to that of the more numerous protons; accelerators are now in use producing beams of nuclei with energies up to 2 GeV/nucleon. Nucleus-nucleus collisions have features that are different from those of typical hadronnucleus collisions at either the same energy or energy/nucleon, and these are now considered.
Entrance Absorbed Dose
Maximum Dose Equivalent [ star~~m-3 ] [ rad ]
[ rem ] stars cm-3 stars cm-3 1.29 X 10-s 1.29 x 10-• 10.2 x 10-• 77.0 X 10-s 77.0 x 10-• 420.0 x 10-• 1.5 X 10-s 1.5 x 10-• 9.0 x 10-• 0.9 X 10-s 0.9 x 10-• 5.6 x 10-• 2.6.2 Cross Section
The cross section for nuclear collisions between two nuclei is, not unexpectedly, larger than that between a single hadron and either nucleus. For energies greater than 100 Me V, the cross section is given to a reasonable degree of accuracy by the relation an= 7T (r1 + r2 -·On) 2 = (2.53) 4.5 x 10-26 (A111a + A211a -l)2cm2. This is an expression for the interaction between two sphe"res of radius equal tor 0 A N 113 , which only interact if there is a small degree of overlap of magnitude on·, In the expression, r 0 = 1.2 x 10-13 cm;.8n = r 0 has been taken as the necessary overlap. The fotmula is valid if either A 1 or A 2 ~ 10, or if the smaller of the two values of A iR larger than unity.
Recent studies with relativistic carbon and oxygen ions indicate that the partial fragmentation cross section is factorable into two factors, FY 1 and Y 2 , the first dependent only on the projectile parameters, the second dependent only on the target parameters (Lindstrom et al., 1975) :
where 1 denotes the beam or projectile; 2, the target nucleus and F, the fragment which emerges from the interaction. ·y 2 is a function proportional to A2 114 • A 2 can equal unity here, i.e., the expression holds for hydrogen as well as for heavier target elements. There is a weak dependence of y 2 on the mass of the fragment of the form: 0.66 + 0.028 AF for the case of a hydrogen target.
It is often convenient to use the concept of mean free paths for collision in the target medium. Let the target medium be composed of nuclei of molar mass A; then the mean free path Ac is given by: where an is the value from Eq. (2.53) and A is taken from Table 2.5. An important example may be taken from the cosmic radiation. WithA 1 = 56, corresponding to a primary Fe nucleus and A 2 = 14.4, an effective value appropriate for air, a value of 14 g cm-2 of air is obtained for the interaction length. This may be compared to a value of 72 g cm-2 for protons in air. Thus the heavy primary components of the cosmic rays are more rapidly absorbed than the more numerous protons.
At lower energy, the cross section falls because of Coulomb repulsion. This effect of the Coulomb barrier becomes significant at similar velocities for all values of charge.
Collisions of a Nucleus with a Target Proton
As an introduction to nucleus-nucleus collisions, it is convenient to consider a collision between an iron nucleus and a free proton as the target. The collision between a heavy nucleus and a proton takes the same course whether it is the proton that is fast moving and the Fe nucleus part of the target (as is usually the case m the laboratory), or, alternatively, when the Fe nucleus is moving with relativistic velocity and the proton is a nucleus of hydrogen in the target (as may be the case when one is considering the effects of cosmic radiation on living matter in a satellite). The cross section is also the same as can be seen from inspection ofEq. (2.53). The mesons that are produced have an almost identical energy spectrum in the laboratory in each case, but the nuclear fragments have different energies.
When the heavy nucleus forms the target, as discussed in Section 2.6.4, it receives a degree of excitation which results in nuclear evaporation of a number of particles; these particles are emitted with low energy and isotropically from the evaporating nucleus. When the proton is initially at rest and the heavy nucleus fast moving, the effect of the collision is again to excite the nucleus. However, it still retains its speed and direction and the resultant evaporation products (protons, alpha particles, and neutrons) are of high energy in the laboratory and strongly collimated, along with the resultant nuclear fragment, about the direction of motion of the primary heavy nucleus (Powell et al., 1959) .
Special Features of Nucleus-Nucleus Collisions
When two high-energy nuclei interact, it is only the segments that interpenetrate each other that 2.6 Nucleus-Nucleus Collisions • • • 27 have a severe interaction, the remainder of each nucleus behaves as a spectator, though each is likely to receive a considerable degree of excitation. While the average number of mesons produced in interactions is larger than that for collisions of protons of the same energy per nucleon, it only rises as about AN 1 1 3 (Vosburgh et al., 1975) . This is consistent with a model hypothesizing an interaction localized on the nuclear surface. The number of mesons produced in a single collision between heavy nuclei fluctuates .greatly due to the varying degree of overlap of the two nuclei.
The most direct evidence that part of the primary • nucleus escapes severe interaction is that a substantial fragment is usually observed travelling in almost the same direction and at a similar speed to the incident primary (Heckman et al., 1971; . This feature is shared with the collisions described above where the incident nucleus collides with a proton at rest. That part of each nucleus which escapes mutual disintegration receives excitation, but seldom so much that evaporation proceeds to the extent that all surviving fragments have Z < 3. Only in a "head on" collision does the projectile break up into so many small pieces that no high velocity secondary fragment survives. In addition to the residual nucleus, the alpha particles that evaporate from the primary fragment are readily distinguished as they also are strongly collimated about the incident direction.
At high energy, the probability and type of fragmentation of the primary nucleus is not sensitive to the incident energy. Only at energies below 200 Me V /nucleon do the iron cross sections for fragmentation start to fall appreciably. At still lower energies, the nuclei are more likely to be brought to rest without interaction. This occurs over a larger velocity range for the heavier nuclei, since the energy/nucleon at which the range is equal to the nuclear interaction length increases with charge. This energy js also a function of the medium and is highest in media of high atomic number.
Only at very low energy indeed-about one or two MeV/nucleon-do the colliding nuclei have any appreciable chance of interacting as a, whole to form a compound nucleus and, by so doing, have a small chance of producing a residual nucleus heavier than either.
